The knowledge of the propagation channel properties is an important issue for a successful design of ultrawideband (UWB) communication systems enabling high data rates in short-range applications. From an indoor measurement campaign carried out in a typical laboratory environment, this paper analyzes the path loss and time-dispersion properties of the UWB channel. Values of the path loss exponent are derived for the direct path and for a Rake receiver structure, examining the maximum multipath diversity gain when an all Rake (ARake) receiver is used. Also, the relationship between time-dispersion parameters and path loss is investigated. The UWB channel transfer function (CTF) was measured in the frequency domain over a channel bandwidth of 7.5 GHz in accordance with the UWB frequency range (3.1-10.6 GHz).
Introduction
Ultrawideband (UWB) technology is defined by the Federal Communications Commission (FCC) as any wireless system that uses a large relative bandwidth in terms of the carrier frequency, typically larger than 20% or an absolute bandwidth higher than 500 MHz. Over the last decade, UWB systems have generated much interest, in both academic and industrial communities, as a consequence that the FCC assigned the 3.1-10.6 GHz frequency band (a total bandwidth of 7.5 GHz) for commercial applications in 2002 [1] . The large bandwidth occupied by UWB signals has the potentials of multipath fading resistance and high-bit-rate transmission capacity (higher than 500 Mbit/s and more for distances up to 10 m). These potentials, together with lowcost transceivers, low transmit power, and low interferences characteristics, make the UWB technology an excellent candidate for many indoor and short-range applications compared to other wireless technologies [2, 3] . Applications of UWB can be found in high data rate wireless personal area networks (WPANs), positioning, location, and home network communications related to multimedia applications [3, 4] .
Given the wideband nature of UWB signals, it is of paramount importance to characterize the propagation channel properties for a flexible transceivers design and practical implementations of UWB communication systems. In this sense, many efforts and resources have been devoted in the last few years to characterize and model the UWB propagation channel. Numerous research works based on channel measurements have been reported in the literature [2, [4] [5] [6] [7] [8] . The measurements have been performed using both timeand frequency-domain channel sounding techniques, mainly in office, residential, in-house, and industrial environments. For understanding of measuring setups, frequency bands, and environments where the measurements were carried out, the reader can see [2, 8] , as well as their references, where a large number of measurement campaigns and their results are summarized. Nevertheless, in spite of the intense research based on UWB channel measurements most of the studies reported in the open literature cover the UWB FCC band partially. For instance, only 14% of the measurement campaigns compiled in [8] have used the whole UWB FCC spectrum.
In this paper, we analyze the UWB propagation channel path loss and time-dispersion behavior in a laboratory 2 International Journal of Antennas and Propagation environment. This analysis is based on an experimental channel measurement campaign in the frequency domain covering the entire UWB FCC band designed for commercial applications, that is, the 3.1-10.6 GHz frequency band. The results reported here contribute to a better understanding of the propagation mechanisms and their effects over the transmitted signal through the UWB channel in this type of scenario. We have focused our investigation on this particular environment for the following reasons: (i) there are a lot of electronic and measurement devices which could communicate among them by a wideband technology as UWB, (ii) due to the metallic character of these devices and the rest of interacting objects, a laboratory can be considered a dense multipath scenario, and (iii) the UWB propagation channel characteristics in a laboratory environment may be different from other scenarios like indoor, office, and residential environments, where the most of measurement campaigns have been conducted.
The rest of this paper is organized as follows. Section 2 introduces the propagation environment as well as the measurement procedure and setup. Path loss and time-dispersion results are presented in Section 3. In Section 4, our results are discussed and compared with other published results. Finally, the conclusions are given in Section 5.
UWB Channel Measurements

Propagation Environment.
The UWB channel measurement campaign was carried out in a typical laboratory, characterized by the presence of radiofrequency equipments, computers, electronic devices, metallic cupboards, tables, and chairs, among other objects. This is a dense multipath environment due to different reflection, diffraction, and scattering propagations mechanisms. The laboratory is in a modern building construction with large exterior glass windows, where the ceiling and the floor are built of reinforced concrete over steel plates with wood and plasterboards-paneled walls. Figure 1 shows the top view of the laboratory. The propagation environment consists of a 12 m-by-7 m room with a height of 2.65 m.
Measurement Procedure and Setup.
The complex channel transfer function (CTF), denoted by ( ), was measured in the frequency domain using a vector network analyzer (VNA), the ZVA24 of Rohde & Schwarz with a dynamic range of 140 dB up to 24 GHz and a maximum output power equal to +15 dBm. The VNA measures the 21 -scattering parameter which corresponds to the complex CTF. EM-6865 biconical omnidirectional wideband antennas developed by Electro-Metrics, with flat frequency response and vertically polarized, very low attenuation cables with a total length of 41 m, and two ultrawideband low noise amplifiers (LNAs), the ZX60-14012L of Minicircuits, at the receiver were also used. The transmit (Tx) and receive (Rx) antennas were placed at a height of 1.5 m above the floor. Figure 1 shows the Tx/Rx locations where the measurements were performed. For each location, the Rx antenna was set up over an XY linear positioning system emulating a 3 × 3 square grid (i.e., 9 measuring points at each receiver position), with a 4.38 cm interelement separation, that is, the wavelength at 6.85 GHz corresponding to the central frequency of the UWB FCC band (3.1-10.6 GHz). For each position of the square grid, 100 snapshots of the complex CTF were measured at each receiver position of the square grid over a total bandwidth of 7.5 GHz (SPAN in the VNA), with 6.85 GHz as a central frequency, in order to cover the entire UWB FCC frequency band. Then, the channel impulse response (CIR), denoted by ℎ( ), was derived performing the inverse discrete Fourier transform (IDFT) of the measured CTF. In our case, the VNA is equipped by a time module which performs directly the IDFT, so the 100 snapshots of the CIR were recorded in a laptop. Figure 2 shows an overview of the propagation channel measurement setup and Table 1 summarizes the measurement system parameters. A total of 15 locations were measured in line-of-sight (LOS) conditions. The minimum and maximum Tx-Rx separation distance was 2.5 and 8.65 m, respectively. The measurements were carried out at night, in absence of people, guaranteeing stationary channel conditions. Equipment calibration was performed before the measurements International Journal of Antennas and Propagation to compensate the attenuation and any imperfection of the system components, but not the antennas. Thus, the device under test (DUT) includes the radio propagation channel and the wideband antennas. Figure 3 shows the CIR measured for the maximum Tx-Rx separation distance and for one position in the square grid. A posterior average of all CIR snapshots allowed us to reduce the thermal noise, possible interferences, and minimal time variations of the propagation channel, increasing statistical analysis reliability. Thus, and assuming ergodicity, the power delay profile (PDP), denoted by PDP( ), can be derived as PDP( ) = | {ℎ ( )}| 2 , where {⋅} denotes expectation over all CIR snapshots for each position receiver of the square grid. Figure 4 shows the normalized PDP corresponding to the CIR of Figure 3 , where a minimum dynamic range of 70 dB is achieved.
Measurement Results
Path Loss.
Results derived from wideband and UWB channel measurements available in the literature have shown that the path loss can be related to the Tx-Rx separation distance in the same way as in narrowband channels [2, 8] . Thus, for a Tx-Rx separation distance , the path loss in logarithmic units (dB), denoted by PL( ), can be described by the general formula
where PL 0 represents the mean path loss at the reference distance 0 = 1m; the term 10 log( / 0 ) denotes the mean path loss referenced to 1 m; is the path loss exponent related to the propagation environment; and is a zero mean Gaussian random variable, with standard deviation , used to model the large-scale fading. Figure 5 shows the scatter plot of the path loss as a function of the Tx-Rx separation distance on a log scale for all measured data. We have distinguished the following two cases.
Peak Path Loss.
The peak path loss (it is also used in the literature the term path-gain, i.e., the transmitter power divided by the average received power, that corresponds to the inverse of the path loss.), denoted as PL Peak ( ), refers to the attenuation of the strongest multipath component (MPC), derived from the CIR as
It is worth noting that the new notation of the CIR introduced in (2) , that is, ℎ( , ), takes into account the CIR amplitude dependence on the Tx-Rx separation distance . Due to the measurements that have been carried out in LOS conditions, PL Peak ( ) is the attenuation in yhe free space of the direct path (see Figure 4) . From a linear fit to the measured data using the least-squares regression procedure (solid line in Figure 5 Pearsons's product moment correlation coefficient, namely linear correlation degree, denoted by , is = 0.9923 showing a linear dependence between the path loss and the logarithm of the Tx-Rx separation distance.
ARake Path Loss.
The ARake path loss, denoted as PL ARake ( ), refers to the total attenuation when a UWB all Rake (ARake) receiver capable to capture the total received energy is used. PL ARake ( ) can be estimated from the CIR using the Parseval relation as
Notice that the ARake receiver is a Rake with unlimited correlators capable to separate all received MPCs. For a threshold (TH) level of dB below the maximum of each PDP, equivalent to collect only the MPCs that are within dB of the strongest path (i.e., the direct path), the limits of the integral in (3) will extend to the delay interval containing the MPCs. For different values of the TH level, that is, = 10, 20, and 40 dB, Table 2 summarizes the parameter values derived from a linear fit to all measured data according to (1) . We have also evaluated the ARake path loss for TH levels greater than 40 dB, and it is worth noting that no significant differences have been observed, indicating that the MPCs have negligible amplitudes. The linear correlation degree derived is = 0.9522, 0.9646, and 0.9718 for = 10, 20, and 40 dB, respectively.
For a Tx-Rx separation distance , the maximum multipath diversity gain expected for a UWB ARake, denoted by ARake max ( ), can be defined by the ratio of the total energy Table 3 summarizes the maximum multipath diversity gain in terms of the TH level and the minimum and maximum TxRx separation distance. For the minimum Tx-Rx separation distance (2.5 m), the multipath diversity gain ranges from 3.67 ( = 10 dB) to 4.78 dB ( = 40 dB) whereas for the maximum Tx-Rx separation distance (8.65 m), the multipath diversity gain ranges from 5.52 ( = 10dB) to 8.18 dB ( = 40 dB). It can be observed that multipath diversity gain increases with increasing the TH level. This is expected since more MPCs are included in the derivation of the ARake path loss when the TH level increases. From data of Table 3 , ARake max increases with the Tx-Rx separation as log( ), with = 5.0, 5.9, and 6.3 for = 10, 20, and 40 dB, respectively. Although an ARake receiver does not have a practical implementation, it corresponds to the best case and is a reference for any Rake receiver design. The number of available correlators in a receiver is usually smaller than the total number of MPCs. In this sense, the ARake max should be considered as an upper bound to compare the performance of simplified Rake structures, as it is the case of a selective Rake (SRake) receiver, which collects the energy from the strongest MPCs, or a partial Rake (PRake) receiver, that only processes the first MPCs [9] . It is worth noting that the maximum multipath diversity gain values reported here are restricted to the Tx-Rx separation distances for which measured data have been taken, that is, from 2.5 to 8.65 m.
Time-Dispersion
Results. Time-dispersion due to multipath propagation can limit both the transmission data rate and the capacity in multiuser UWB communication systems, and it has great impact on the UWB transceiver complexity [2, 4] . The most important parameter to characterize the time-dispersion behavior of any wireless propagation channel is the root-mean-square (rms) delay spread, denoted by rms , which corresponds to the second central moment of the power delay profile (PDP), that can be expressed in terms of the CIR as [10] rms ( ) ≜ √
International Journal of Antennas and Propagation where ( ) is the mean delay spread or first central moment of the PDP, given by Figure 6 shows the scatter plot of rms versus the Tx-Rx separation distance on a log scale for different TH levels, = 20, 30, 40, and 60 dB. Table 4 summarizes the statistical values of rms in terms of the TH level, that is, min., mean, max. and standard deviation (Std. dev.) values. It can be observed that rms increases with increasing the TH level. This is expected since more MPCs are included in the derivation of rms when the TH level increases. This observation is consistent with measurement results reported in [11] . The mean value of rms ranges from 5.65 ( = 20 dB) to 26.06 ns ( = 60 dB). From a linear fit to the measured data (solid line in Figure 6 ), we can establish the following linear relationship between the mean rms and the logarithm of the Tx-Rx separation distance:
which shows a linear dependence between rms and log( ). Table 5 summarizes the values of 0 and 1 in terms of the TH level. The linear correlation degree is = 0.7609, 0.8938, 0.9281, and 0.9089 for = 10, 30, 40, and 60 dB, respectively. Other researchers have observed a linear relationship between rms and , but in different propagation environments [12] .
Since both delay spread and path loss increase with the Tx-Rx separation distance, a correlation between them can be expected. Figure 7 shows the scatter plot of rms versus the path loss for a TH level = 60 dB in both the ARake path loss and rms derivation. From a linear fit to the measured data (solid line in Figure 7) , we can establish the following linear relationship between rms and the mean path loss (PL):
where PL can be replaced by PL Peak or PL ARake . Table 6 summarizes the values of PL 0 and PL 1 for TH levels = 40 and The linear correlation degree between rms and the path loss, together with the results of Figure 7 , shows that the delay spread exhibits a greater variation with the peak path loss. Specifically, for = 60 dB rms varies around its mean value with a standard deviation of 1.61 ns and 1.12 ns in terms of the peak and ARake path loss, respectively. Comparing the linear correlation degrees, it can be observed that the delay spread exhibits a greater correlation to the path loss than with the TxRx separation distance. Although the delay spread depends on the propagation environment, this correlation behavior has also been observed in other propagation environments [8] .
Comparison with Published Results
Reference [8] presents a comprehensive overview of UWB channel measurements and summarizes the results derived from a great number of measurement campaigns carried out in different environments and with different measurement techniques. The results reported in [8, Table 2] show that the path loss exponent ranges from 1. less than the values reported in [8, Table 2 ] for laboratory environments, where values of 1.55 [11] , 1.8 [13] , and 1.91 [14] have been derived in LOS conditions. Low exponent path loss values have been observed in dense or multipath-rich and confined environments [15] [16] [17] . It is worth noting that the path loss exponent has a key impact on the coverage area and interference characteristics in the deployment of wireless systems; for example, low values of the path loss exponent can increase the interference [2] . The delay spread is related to the type and dimensions of the propagation environment, the radiation pattern of the antennas, and the number and electrical properties of the scatterers. Also, the estimation of rms from the PDP increases with the noise threshold level. These dependencies make it difficult to establish comparisons among published results. Nevertheless, for Tx-Rx separation distances in the range from 5 to 30 m, indoor channels are expected to have a rms ranging from 19 to 47 ns [18] . From our measurement campaign, the mean value of rms ranges from 5.56 to 26.06 ns for TH levels = 20 and 60 dB, respectively. These mean values are in agreement with those reported in [8] for a laboratory environment in LOS conditions, where values for the average rms of 12.3 ns for 6 m Tx-Rx separation distance are derived in [19] ; 2.65 ( = 10 dB), 9.45 ( = 20 dB), and 15.80 ns ( = 30 dB) for 10 m Tx-Rx separation distance are derived in [11] ; and 14.3 and 19.9 ns for = 15 dB and the Tx-Rx separation distance ranging from 5 to 14 m are reported in [20] .
As indicated in [2] , the current knowledge of UWB propagation characteristics is based on a small number of measurement campaigns compared to narrowband channels. Thus, typical values of certain propagation parameters, such as the path loss exponent and delay spread metrics, only are accurate for environments with similar characteristics to those where the measurement have been collected. For a flexible transceiver design and practical implementations of UWB communications systems, more experimental studies and measurement campaigns are required, especially in particular scenarios with different propagation characteristics from office and residential environments.
Conclusion
In this paper, the path loss and the temporal dispersion of the UWB propagation channel have been experimentally examined for a laboratory environment. This is a dense multipath environment due to the presence of many interacting objects. The measurements were carried out in the frequency domain covering the entire UWB FCC frequency band, from 3.1 to 10.6 GHz, and for Tx-Rx separation distances in the range from 2.5 to 8.65 m. The measurements were collected in LOS conditions.
Considering a Rake structure capable to collect the total received energy, a path loss exponent equal to 1.41, 1.45, and 1.64 has been derived from all measured data for TH levels = 40, 20, and 10 dB, respectively. In this environment, the comparison of the peak and ARake path loss shows that the maximum achievable multipath gain increases with the TxRx separation distance as log( ), where = 5.0, 5.9, and 6.3 for = 10, 20, and 40 dB, respectively. The results show that there is a linear relationship between the rms delay spread and both the Tx-Rx separation distance and the path loss, showing a greater correlation degree with the ARake path loss. The mean values of rms derived from the measured data are 5.65, 13.67, 20.91, and 26.06 for = 20, 30, 40, and 60 dB, respectively.
